I. INTRODUCTION
Information on solvent-solute interactions is essential for in-depth understanding of chemical processes occurring in solution. Due to these interactions, the environment around the solute molecule varies in time with the motion of the solvent molecules and the fluctuation induced by the solvent motion either accelerates or decelerates the chemical processes. Vibrational band shape analysis provides a powerful tool for studying such dynamic interactions between the solvent and solute molecules. The fluctuation causes the dephasing of a vibration, which can be observed as a band broadening in the frequency domain.
Infrared and Raman band shapes have long been studied in order to acquire information on intermolecular solventsolute interactions. [1] [2] [3] [4] They are complementary with each other. While Raman spectroscopy can distinguish the contributions from vibrational and rotational dephasings via polarization measurements, infrared spectroscopy cannot. Thus, in past infrared band shape analyses, rotational dephasing has been most often treated as a slow diffusion process that gives a small band broadening. 5, 6 Other methods such as time-resolved infrared absorption anisotropy, 7, 8 dielectric relaxation, 9 , 10 spin relaxation, 11, 12 and anisotropic fluorescence measurements 13, 14 and MD simulations 15 are necessary in order to quantitatively estimate the rotational contribution to the observed infrared band shape. a) Author to whom correspondence should be addressed. Electronic mail:
hhama@chem.s.u-tokyo.ac.jp.
This work aims at a comprehensive understanding of vibrational band shapes of small molecules in solution with a view to quantitative probing of intermolecular solventsolute interactions. Infrared absorption, polarized Raman, and sub-picosecond time-resolved infrared absorption anisotropy measurements have been carried out with a combined theoretical analysis of a molecular dynamics simulation and a quantum chemical calculation. CO 2 has been chosen as a probe molecule for the following two reasons. First, it is a simple linear triatomic molecule with the three vibrational bands well separated in frequency. Second, it has no permanent dipole moment and is therefore soluble in various solvents, regardless of their polarity. The observed infrared band shape is discussed first, followed by an MD simulation/quantum chemical calculation analysis. Then, the result of polarized Raman measurements is discussed to confirm the theoretical analysis of the infrared band shape. Finally, sub-picosecond timeresolved infrared absorption anisotropy data are presented to further confirm the conclusion in the time domain.
II. THEORETICAL BASIS

A. Infrared band shape
An infrared band shape has contributions from both vibrational and rotational broadenings. The vibrational broadening is determined by vibrational dephasing due to the frequency modulation of the molecular vibration. Timedependent vibrational frequency is separated into the mean value ω 0 and the fluctuation ω(t):
(1)
Assuming that ω(t) follows a Markovian process, the vibrational correlation function can be expressed in the form: 16, 17 
The rotational broadening is determined by the reorientational motion of the molecule. It is represented by an autocorrelation of the unit vector n(t) fixed to the molecule: 18, 19 φ rot,IR (t) = n(t) · n(0) .
Using the Wiener-Khinchin theory, the infrared band shape I IR (ω) is obtained by Fourier transforming the total correlation function; the product of the vibrational and rotational correlation functions, 16, 17, 20 
B. Computational method
A combined method of an MD simulation and a quantum chemical calculation 21 is employed to calculate the vibrational and rotational correlation functions. For the vibrational correlation function, frequency fluctuation ω [Eq. (1)] is parameterized in terms of the external electric field and the Van der Waals field as described in the following. Timedependent field parameters are calculated from an MD simulation trajectory and then substituted into Eq. (2) to obtain the time-dependent vibrational frequency. Using this method, ab initio computations of the instantaneous frequency can be done at low computational cost, without repeating similar calculations. For the rotational correlation function, autocorrelation of the molecular axis [Eq. (3)] can be calculated directly from the MD simulation trajectory.
In order to parameterize the frequency fluctuation, ω is modeled to be a sum of fluctuations due to the long range Coulomb interaction ( ω CL ) and the short-range LennardJones (LJ) interaction ( ω LJ ):
ω CL is expanded in terms of the external electric field E α on the carbon atom up to the second order:
where E α (t) is the time-dependent electric field on the carbon atom obtained from the MD simulations. The first term in the expansion vanishes in Eq. (6) due to the symmetry of the CO 2 molecule. Coefficients ∂ 2 ω/∂E α ∂E β can be obtained by molecular orbital (MO) frequency computations by changing the applied electric field step by step. ω LJ is also expanded in terms of the LJ force up to the second order according to semiclassical perturbation theory:
where f is the bond anharmonicity, μ is the reduced mass, ω 0 is the center frequency, V LJ (t) is the time-dependent LJ potential, and Q is the normal coordinate. The first term again vanishes because there is no bond anharmonicity in the symmetric CO 2 molecule. The LJ force ∂ 2 V LJ (t)/∂Q 2 can be analytically calculated from the MD trajectory:
∂r iα ∂r jβ ∂r iα ∂Q ∂r jβ ∂Q .
The total instantaneous frequency [Eq. (5)] is substituted into Eq. (2) to give the final vibrational correlation function.
C. Raman band shape
A Raman band shape also includes both the vibrational and the rotational broadenings. The vibrational correlation function has the same form as that in the infrared band shape [Eq. (1)]. 16 The rotational correlation function is different from that of the infrared. The Raman rotational correlation function of a linear molecule has the form: 18, 19, 23 
The rotational and vibrational broadenings can be separated by polarized Raman measurements. In the framework of the polarizability approximation, the isotropic component I iso and the anisotropic component I aniso of a Raman band are given as follows:
where I XX and I XZ are the observed polarized Raman scattering intensities, parallel and perpendicular, respectively, to the incident polarization. I iso includes the pure vibrational broadening:
while I aniso includes both the vibrational and rotational broadenings:
D. Time-resolved infrared absorption anisotropy
A rotational correlation can also be measured directly in the time domain by anisotropic time-resolved spectroscopy. Time-dependent anisotropy r(t) for a single initial state is defined as
where N // (t) and N ⊥ (t) are the parallel and the perpendicular intensities of emission or absorption, respectively. The value r(t) shows the time dependence expressed as
where μ(0) is the transition dipole moment of the excitation and γ (t) is the transition dipole moment of the probing event (emission or absorption). In the case of the CO 2 antisymmetric stretch mode, both μ(0) and γ (t) are parallel to the molecular axis n(t), and thus the time-dependence of r(t) is similar to the Raman rotational correlation [Eq. (9)].
III. EXPERIMENTAL DETAILS
A. Infrared measurements
Infrared spectra have been recorded on a BOMEM DA-8 FT-Spectrometer with the following conditions: globar IR source, DTGS detector, KBr beam splitter, 4000-400 cm −1 spectral region, 1 cm −1 resolution, 16 times accumulation, Hamming apodization function, no zero-filling, 0.2 cm/s scan rate, and 10.0 mm aperture diameter. The sample chamber is evacuated to ∼1 Torr in order to eliminate the effect of atmospheric CO 2 absorption. The sample solution is sealed into a laboratory-made cell consisting of two CaF 2 windows and a 25 μm lead spacer sealed together with epoxy resin. Commercially obtained acetonitrile (Wako, HPLC grade) is used without further purification. A dilute sample solution has been prepared by blowing CO 2 on the surface of acetonitrile (2 ml) for 10 s at a 1 l/min flow rate.
B. Computational methods
All MD simulations are performed using the GROMACS (Ref. 26 29 is used to propagate the equations of motion of the rigid linear CO 2 molecule. The mass is redistributed into two dummy particles without any charge or LJ parameters. Charges and LJ parameters are kept on the carbon and oxygen sites, but no mass exists on these sites. The positions of the dummy particles are determined so as to give the same moment of inertia as that of the original EPM2 model. The all-atom and fully flexible model by Grabuleda et al. 30 is used for acetonitrile. Periodic boundary conditions are used with Particle Mesh Ewald (PME) to treat the long-range Coulomb interaction. For the van der Waals interaction, shift method is used with twin-range cutoff radius, and long range dispersion corrections are applied for energy and pressure. After 1 ns of equilibration by an NPT simulation with Berendsen coupling, an NVE production run of 1 ns is carried out.
MO computations have been done with the GAUSSIAN 09 (Ref. 31) package at MP2/6-31+G(d,p) level with FIELD option. Applied fields are set along the z axis (molecular axis) and the x axis (perpendicular to the z axis), each from 0 to 0.02 a.u. with a 0.002 a.u. step. The coefficients are found to be
where the frequency is in cm −1 and the electric field is in a.u.
C. Raman measurements
Polarized Raman scattering spectra have been measured with a laboratory-built Raman spectroscopic system. 32 The 532 nm output from a frequency-doubled Nd:YVO 4 laser operating in a single longitudinal mode illuminates the sample in a quartz rectangular cell. The laser power is 60 mW at the sample point. The polarization of the collected 90
• scattered light is analyzed with a Glan-Thompson polarizer. The efficiency of the polarizer is estimated to be 99.9% by comparing the observed depolarization ratio of the totally symmetric ν 1 band of C 35 Cl 3 37 Cl (0.0047) to the reported value (0.0032). 33 After eliminating Rayleigh scattered light by an edge filter (Semrock), the scattered light is introduced into a multi-channel spectrometer consisting of a single polychromator (f = 60 cm, F/6.2, NR-1800, JASCO) with a 1200 grooves/mm grating and a liquid nitrogen cooled CCD camera (Spec-10, Princeton instruments). The slit width is set to 60 μm, which gives a pseudo-Gaussian instrument function with a bandwidth of 1.1 cm −1 (HWHM). Commercially obtained acetonitrile (Nacalai Tesque, fluorescence grade) is used without further purification. The solvent is saturated with CO 2 by bubbling over 2 min at a 1 l/min flow rate.
D. Time-resolved infrared measurements
Sub-picosecond time-resolved infrared spectroscopy measurements have been carried out with a laboratory-built system. Infrared pulses are generated by difference frequency generation (DFG) from the near-IR signal and idler outputs of an optical parametric amplifier (OPerA, Coherent) pumped by an amplified Ti:Sapphire laser (Integra-C, Quantronix). The infrared light is divided into three as the pump, probe, and reference beams, respectively. The pump light is modulated by a chopper, goes through an optical delay and a half wave plate, and then focused on the sample by a lens. Probe and reference beams are introduced to the sample by a parabolic mirror. The probe and reference beams are then guided to a two-channel monochromator equipped with two MCT detectors. The signals are integrated by a boxcar integrator and then collected. Isotope substituted 13 CO 2 (SI Science, 99%) is used in order to avoid the interference from atmospheric CO 2 . Ethanol (Wako, 99.5%) is used as an alternative solvent which has less band overlap with CO 2 . The steady-state infrared absorption bandwidth of 12 CO 2 in ethanol shows a bandwidth similar to that in acetonitrile. The sample solution is flowed through a laboratory-made cell (100 μm spacer) by a roller pump and kept bubbled by 13 CO 2 (∼50 ml/min) throughout the measurement.
IV. RESULTS AND DISCUSSION
A. Infrared band shape analysis
Figure 1(a) shows the observed infrared band shape of CO 2 antisymmetric stretch band in acetonitrile (gray line) together with a least-squares fit Lorentzian curve (black thin line). The overall band shape is non-Lorentzian, with broad band wings that cannot be reproduced with a single Lorentzian function. This fact indicates that a non-exponential decay dominates the vibrational and/or rotational correlation functions. The small side band located around 2325 cm −1 is assigned to a hot band due to the bending mode through temperature dependence measurements. This feature is subtracted prior to the following analysis. The band shape is well fitted with a sum of two Lorentzians located at the same center position [ Fig. 1(b) ]. The bandwidths (HWHM) of the two Lorentzians are 3.193 ± 0.003 and 21.1 ± 0.8 cm −1 , respectively, and the intensity ratio of the two bands is 4.39:1. (The error indicates one standard deviation obtained in leastsquares fitting analysis; the same shall apply hereafter.) bandwidth, which is still small compared to the observed bandwidth of 3.193 and 21.1 cm −1 . There is also a possibility that CO 2 has longer vibrational energy lifetime in acetonitrile than in water, since antisymmetric stretch mode of the neutral linear triatomic molecule N 2 O has longer lifetime in hydrocarbons (55 ps) than in water (9 ps). 35 In contrast, rotational correlation decays in a few picoseconds. A single exponential curve fit ((b), dotted line) gives a decay constant of 1.6462 ± 0.0008 ps, which corresponds to a Lorentzian of 3.2249 cm −1 bandwidth. This suggests that the total band broadening is almost purely rotational, while the broadening due to vibrational dephasing is less than 1% of the total bandwidth.
B. Computation of the band shape
There is a rapid decrease in the rotational correlation for the first few tenths of picosecond [inset of Fig. 2(c) ], corresponding to the broad band wings in the frequency domain. This decay feature in the rotational correlation cannot be treated with diffusion equations, which give a single exponential decay. The diffusion equation applied to the rotational motion assumes "small angular steps." For small molecules such as CO 2 , these small steps may not be applicable. Gordon 36 has shown more generalized rotational diffusion models called the m-diffusion model and the J-diffusion model. They can treat both small angular steps and large angular steps over π /2. Basically, the models are the rotors having stochastically changing angular frequencies with no reorientation. FORTRAN bility of diffusion, the negative peak disappears, whereas the rapid decrease in the first few tenths of picosecond remains as a damped oscillation. This feature resembles the correlation function obtained in the MD simulation [ Fig. 3(b) ]. The observed broad band wings are therefore attributed to the damped oscillatory rotation; the CO 2 molecule being small, it rotates in large angle steps during diffusion. Figure 4(a) shows the observed parallel (I XX , solid line) and perpendicular (I XZ , dotted line) Raman spectra of the CO 2 symmetric stretch mode in acetonitrile. This mode is in a Fermi resonance with the second overtone of the bending mode with a splitting over 100 cm −1 . Only the band at 1275 cm −1 is analyzed, since the other band observed at 1382 cm −1 overlaps with a strong solvent band. The effect of Fermi resonance in the band shape is not taken into account in the analysis. The small band at 1255 cm −1 is due to 13 CO 2 and is subtracted prior to the following analysis. The isotropic (I iso ) and anisotropic (I aniso ) Raman spectra are calculated as follows. The isotropic spectrum is obtained by subtracting the perpendicular spectrum times 0.75 from the parallel. The anisotropic spectrum is considered to be the same as the perpendicular spectrum. The rotational broadening can be calculated by deconvolving I aniso by I iso according to Eqs. (11) and (12). If both the vibrational and the rotational broadenings are assumed to be Lorentzians, the rotational broadening has a bandwidth of 7.2 − 1.2 = 6.0 cm −1 . Figure 5 shows a Lorentzian with HWHM of 6 cm −1 (dotted line) and a rotational correlation function computed from the MD simulation according to Eq. (9) (black solid line). They seem to agree with each other, except that the band-wing feature cannot be reproduced as long as Lorentzian band shapes are assumed in the Raman analysis. Direct deconvolution of I aniso by I iso is also attempted (thick gray solid line in Fig. 5 ) using the Wiener filtering algorithm. 37 The resultant spectrum also seems to be in good agreement with the MD simulation result, although it is too noisy to determine the bandwidth. Nevertheless, the rotational correlation function computed from the MD simulation has a correlation time consistent with the polarized Raman experiment, supporting the result that the observed infrared band shape is determined almost solely by rotational dephasing.
C. Raman band shape analysis
D. Time-resolved infrared absorption anisotropy analysis
Figure 6(a) shows the observed time-resolved parallel (filled circle) and perpendicular (open circle) infrared absorptions of 13 CO 2 in ethanol. The steady-state infrared absorption bandwidths of 12 CO 2 in ethanol obtained by the twoLorentzian fitting are similar to those in acetonitrile; bandwidth of 3.246 ± 0.007 (3.193 ± 0.003 in acetonitrile) and 14.2 ± 0.1 (21.1 ± 0.8) cm −1 with the intensity ratio of 3.57:1 (4.39:1). The isotope substitution does not alter the moment of inertia, since the carbon atom is located on the axis of the rotation. The anisotropy r is calculated using Eq. (13), and its time dependence is shown in Fig. 6(b) (circle) . of CO 2 is determined predominantly by pure rotational dephasing.
V. CONCLUSION
A comprehensive study on the rotational behavior of solvated CO 2 has been carried out including an infrared band shape analysis, a theoretical simulation, a polarized Raman band shape analysis, and a time-resolved infrared absorption anisotropy analysis. The observed infrared band is nonLorentzian shaped with broad band wings. The band shape computed with a combined method of MD simulations and quantum chemical calculations reproduces the observed infrared band shape. According to the simulation, the infrared band shape is determined by almost pure rotational dephasing, while the contribution from the vibrational broadening is less than 1% of the total bandwidth. The rapid decrease in the rotational correlation in the first few tenths of picosecond, which gives rise to the observed broad band wings, has been shown to correspond to the damped oscillatory behavior of the rotational dynamics of CO 2 . The CO 2 molecule being relatively small, it rotates in large angle steps during rotational diffusion. This characteristic rotational behavior has been observed clearly in the vibrational band shape of CO 2 because the molecule is non-polar and therefore the vibrational dephasing is too slow to give large bandwidths that can mask the weak broad feature due to the fast rotational decay. Polarized Raman scattering and time-resolved infrared absorption anisotropy have been measured in order to confirm the observed broad rotational bandwidth. The obtained Raman rotational broadening and the infrared anisotropy correlation are consistent with the computed correlation function. It is strongly supported that the band shape of CO 2 antisymmetric stretch mode is mostly dominated by the characteristic rotational dynamics elucidated in the theoretical simulation, since all the results including three spectroscopies and theoretical simulations agree with one another.
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